The role of antizyme (AZ) and glycosaminoglycans in polyamine uptake by mammalian cells and mitochondria was examined using NIH3T3 and FM3A cells and rat liver mitochondria. AZ is synthesized as two isoforms (29 and 24.5 kDa) due to the existence of two initiation codon AUGs in the AZ mRNA. Most AZ existed as the 24.5-kDa form translatable from the second AUG, but a portion of the 29-kDa AZ from the first AUG was associated with mitochondria because of the presence of a mitochondrial targeting signal between the first and the second methionine. The predominance of the 24.5-kDa isoform was mainly due to the presence of spermidine and a favorable sequence context (Kozak sequence) at the second initiation codon AUG. Spermine uptake by NIH3T3 cells was inhibited by both 29-and 24.5-kDa AZs, but uptake by rat liver mitochondria was not influenced by either form of AZ. Because spermine uptake by mitochondria caused a release of cytochrome c, an enhancer of apoptosis, we looked for inhibitors of mitochondrial spermine uptake other than AZ. Cations such as Na ؉ , K ؉ , and Mg
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The role of antizyme (AZ) and glycosaminoglycans in polyamine uptake by mammalian cells and mitochondria was examined using NIH3T3 and FM3A cells and rat liver mitochondria. AZ is synthesized as two isoforms (29 and 24.5 kDa) due to the existence of two initiation codon AUGs in the AZ mRNA. Most AZ existed as the 24.5-kDa form translatable from the second AUG, but a portion of the 29-kDa AZ from the first AUG was associated with mitochondria because of the presence of a mitochondrial targeting signal between the first and the second methionine. The predominance of the 24.5-kDa isoform was mainly due to the presence of spermidine and a favorable sequence context (Kozak sequence) at the second initiation codon AUG. Spermine uptake by NIH3T3 cells was inhibited by both 29-and 24.5-kDa AZs, but uptake by rat liver mitochondria was not influenced by either form of AZ. Because spermine uptake by mitochondria caused a release of cytochrome c, an enhancer of apoptosis, we looked for inhibitors of mitochondrial spermine uptake other than AZ. Cations such as Na ؉ , K ؉ , and Mg
2؉
were inhibitors of the mitochondrial uptake. It has been reported that heparan sulfate on glypican-1 plays important roles in spermine uptake by human embryonic lung fibroblasts. Heparin, but not heparan sulfate, slightly inhibited spermine uptake by FM3A cells in the absence of Mg 2؉ and Ca 2؉ but had no effect under physiological conditions in the presence of Mg 2؉ and Ca 2؉ .
The cellular content of polyamines (putrescine, spermidine, and spermine), which play important roles in cell proliferation and differentiation, is regulated by biosynthesis, degradation, and transport (1, 2) . With regard to polyamine transport, three polyamine transport genes (pPT104, pPT79, and pPT71) were cloned and characterized in Escherichia coli (3) . The pPT104 clone encodes PotA, PotB, PotC, and PotD proteins and preferentially catalyzes the uptake of spermidine (4) . The pPT79 clone encodes PotF, PotG, PotH, and PotI proteins and can catalyze the specific uptake of putrescine (5) . These two transport systems are ATP binding cassette transporters (6) . Another putrescine transport system, encoded by pPT71, consists of one membrane protein (PotE) (7) and is active in both excretion and uptake of putrescine (8, 9) . Excretion is based on a putrescine-ornithine antiporter activity (8) , and uptake is dependent on the membrane potential (9) . In yeast, we have identified five proteins on the plasma membrane and post-Golgi secretory vesicles that are involved in polyamine excretion (TPO1 to TPO5) (10 -13) and two proteins on the plasma membrane and vacuolar membrane that are involved in uptake of putrescine and spermidine (UGA4 and GAP1) (14, 15) . However, UGA4 was a putrescine/␥-aminobutyric acid cotransporter, and GAP1 was a cotransporter of putrescine and spermidine with amino acids. Most recently, genes encoding polyamine-specific transporters were identified in yeast (AGP2) and Leishmania major (LmPOT1) (16, 17) .
In mammalian cells there is no report of the molecular identification of a polyamine transporter. It has been reported that glypican-1 is a vehicle for polyamine uptake (18) . It is thought that polyamines first bind to heparan sulfate on glypican-1 and then they are taken into cells through endocytosis. However, Poulin and co-workers (19) , using a polyamine conjugated to a fluorescent dye, proposed that polyamines are imported first by a plasma membrane carrier and then sequestered into preexisting polyamine-sequestering vesicles. It is also clear that antizyme (AZ) 4 not only inhibits the uptake of polyamines (20, 21) but also stimulates the degradation of ornithine decarboxylase (ODC), a rate-limiting enzyme in polyamine biosynthesis (22, 23) . In addition, it has been reported that a polyamine uptake system exists in mitochondria (24, 25) , and mitochondrial polyamines regulate calcium transport (26) , ATP synthesis (27) , the ATP/ADP carrier (28) , and release of cytochrome c (29) . In this communication we studied in detail the role of AZ and heparan sulfate, which have been, thus, far reported as important regulators of polyamine uptake by mammalian cells. Furthermore, characteristics of polyamine uptake by mitochondria were studied from the viewpoint of inhibition of the release of cytochrome c.
XbaAZ. Then a second PCR was performed using the initial PCR products as template and 5Ј-AflAZ and 3Ј-XbaAZ as primers. The PCR product was digested with AflII and XbaI and inserted into the same site of pTracer-CMV. To prepare a pTracer-AZ⌬T205⌬AUG1 and pTracer-AZ⌬T205 Non-Kozak, PCR was performed using pGEM-AZ⌬T205 as template and 5Ј-ATACTTAAGCCTTGGTGAAATCCT-3Ј (5Ј-Afl-AZ/A1T) and 5Ј-ATACTTAAGCCATGCCGCTTCTTA-3Ј (3Ј-AflA-Z/A1T) and 5Ј-TAGGTACCGGATGGTGAAATCCT-3Ј (5Ј-KpnnKAZ) and 3Ј-XbaAZ as primers. PCR products were digested with AflII or KpnI plus XbaI and inserted into the same site of pTracer-CMV. Mutations were confirmed by DNA sequence determination using a Seq 4 ϫ 4 personal sequencing system (Amersham Biosciences).
Cell Culture and Transient Transfection-ODC-overproducing cells (EXOD-1) of mouse mammary carcinoma FM3A cells were obtained as described previously (33) , and FM3A and EXOD-1 cells were cultured in ES medium (Nissui Pharmaceutical Co., Tokyo, Japan) supplemented with 50 units/ml streptomycin, 100 units/ml penicillin G, and 2% heatinactivated fetal calf serum at 37°C under an atmosphere of 5% CO 2 in air. Human embryonic lung fibroblasts (WI-38, RCB0704) were purchased from the RIKEN Cell Bank (Tsukuba, Japan) and cultured in minimum essential medium (Nissui Pharmaceutical Co.) supplemented with 50 units/ml streptomycin, 100 units/ml penicillin G, and 10% heatinactivated fetal calf serum at 37°C under an atmosphere of 5% CO 2 in air. NIH3T3 cells were cultured in Dulbecco's modified Eagle's medium (Nissui Pharmaceutical Co.) supplemented with 50 units/ml streptomycin, 100 units/ml penicillin G, and 10% heat-inactivated fetal calf serum at 37°C under an atmosphere of 5% CO 2 in air. NIH3T3 cells (2.5 ϫ 10 6 ) were transfected with 2 g of several kinds of pTracer-AZ⌬T205 or vector pTracer-CMV using LIPOFECT AMINE PLUS kit (Invitrogen) according to the manufacturer's protocol. The cells were cultured for 18 h after transfection.
Spermine Transport Assay-NIH3T3, FM3A, or human embryonic lung WI-38 cells (3 ϫ 10 6 ) in 1 ml of NaCl buffer (135 mM NaCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM glucose, and 20 mM Hepes-Tris, pH 7.2) (34) was incubated at 30°C for 5 min, and then the uptake assay was started by the addition of [ 14 C]spermine at a final concentration of 10 M (740 MBq/mmol). After incubation at 30°C for 4, 8, or 12 min, cells (3 ϫ 10 6 ) were washed 3 times with phosphate-buffered saline containing 0.2 mM spermine. Washed cells were lysed with 0.6 ml of Renilla luciferase assay lysis buffer (Promega), and a 0.5-ml aliquot was used for the measurement of radioactivity by a liquid scintillation counter. The uptake rate was linear during the incubation time.
Rat liver mitochondria were isolated as follows. Rat liver (1 g) was minced and then homogenized with 9 ml of mannitol buffer containing 5 mM Hepes-NaOH, pH 7.4, 0.22 M mannitol, 0.07 M sucrose, and 1 mM EDTA. After the precipitate was removed by centrifugation at 600 ϫ g for 10 min, mitochondria were obtained by centrifugation at 5000 ϫ g for 10 min. The mitochondria were suspended again with mannitol buffer and centrifuged at 5000 ϫ g for 10 min. The precipitate was suspended with 2.67 ml of sucrose buffer containing 10 mM HepesNaOH, pH 7.4, 0.2 M sucrose, 5 mM succinate, 2 mM sodium phosphate, pH 7.4, and 1.25 M rotenone, an inhibitor of respiration of endogenous substrate, and used for the assay of spermine uptake. Mitochondria solution was preincubated at 25°C for 5 min, and the uptake assay was started by the addition of 0.03 ml of [ 14 C]spermine at a final concentration of 100 M (92.5 MBq/mmol). After incubation at 25°C for 5, 10, or 20 min, mitochondria were recovered by loading 0.8 ml of the reaction mixture over 0.5 ml of lauryl bromide and centrifugation at 14,000 ϫ g for 2 min. After the mitochondria were solubilized by 1% SDS, [ 14 C]spermine incorporated into mitochondria was measured by a liquid scintillation counter. The uptake rate was linear during the incubation time.
Western Blotting of AZ and Cytochrome c-For isolation of mitochondria and the cytoplasmic fraction from NIH3T3 cells, cells (3 ϫ 10 7 ) were homogenized with 9 volumes of buffer A containing 5 mM Tris-HCl, pH 7.5, 0.25 M sucrose, 1 mM EDTA, 1 mM dithiothreitol, and 20 M FUT-175 (6-amino-2-naphthyl-4-guanidinobenzoate), a protease inhibitor (35) . FUT-175 was kindly supplied by Torii Pharmaceutical Co., Tokyo, Japan. Freezing and thawing were repeated four times. After the precipitate was removed by centrifugation at 1000 ϫ g for 5 min, mitochondria were obtained by centrifugation at 33,000 ϫ g for 7 min. The cytoplasmic fraction was then obtained by centrifugation at 78,000 ϫ g for 100 min. For Western blotting, 20 g of protein was separated by SDS/PAGE and transferred on to Immobilon transfer membrane (Millipore), and AZ was detected using an antibody against AZ followed by ECL™ Western blotting detection reagents (Amersham Biosciences). Rabbit polyclonal antibody against AZ was kindly supplied by Dr. S. Matsufuji, The Jikei University School of Medicine, Tokyo, Japan. Release of cytochrome c from mitochondria was measured by Western blotting of cytochrome c using the supernatant of the reaction mixture for the assay for spermine uptake obtained by centrifugation at 33,000 ϫ g for 7 min. Monoclonal antibody against mouse cytochrome c was obtained from R & D Systems, Inc. The level of AZ and cytochrome c was quantified by a LAS-1000 plus luminescent image analyzer (Fuji Film).
Assay for ODC-NIH3T3 cells (2 ϫ 10 7 ) were suspended in 0.8 ml of buffer B containing 10 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol, 20% glycerol, 1 mM EDTA, and 20 M FUT-175. Cells were frozen, thawed, and homogenized with a Teflon homogenizer. The homogenate was centrifuged at 12,000 ϫ g for 10 min. The supernatant, thus, obtained was dialyzed against buffer B and used for ODC assay. The assay was performed as described previously (36) .
In Vitro AZ Synthesis and Measurement of Its Stability-AZ mRNA was synthesized by T7 RNA polymerase using EcoRI-digested pGEM-AZ⌬T205. The reaction mixture for AZ synthesis (0.02 ml) contained 30 mM Hepes-KOH buffer, pH 7.6, 10 M hemin, 100 mM potassium acetate, 2 mM dithiothreitol, 0.5 mM glucose 6-phosphate, (37) . After incubation at 33°C for 60 min, 5 l of 20 mM methionine and 75 l of the buffer containing 10 mM sodium phosphate, pH 7.4, 100 mM NaCl, 1% Triton X-100, and 0.1% SDS were added to the reaction mixture. The amount of [
35 S]methionine-labeled AZ synthesized was determined by SDS/PAGE after immunoprecipitation according to the method of Philipson et al. (38) using an antibody against AZ and PANSORBIN cells (Calbiochem). Radioactivity of labeled AZ was quantified using a Fujix BAS 2000II imaging analyzer (Fuji Film).
Degradation of AZ was measured according to the method of Mamroud-Kidron et al. (39) . The reaction mixture (0.14 ml) contained 10 mM Hepes-KOH, pH 7.5, 5 mM MgCl 2 , 50 mM KCl, 1 mM dithiothreitol, 1 mM ATP, 10 mM creatine phosphate, 0.05 g/ml creatine kinase, 1 M cycloheximide, 20 l of rabbit reticulocyte lysate (37) , and 10 l of [ 35 S]methionine-labeled AZ synthesized as described above in the presence of 0.2 mM spermidine and 1.25 mM MgCl 2 . At the designated time a remaining [ 35 S]methionine-labeled AZ in a 25-l aliquot was measured as described above.
Measurement of Polyamines-Polyamine contents in NIH3T3, FM3A, and human embryonic lung WI-38 cells were determined as described previously (40) . Cells were treated with 5% (w/v) trichloroacetic acid and centrifuged at 12,000 ϫ g for 10 min. Polyamines in the supernatant were measured by using a TOSOH HPLC system (Tosoh, Tokyo). The precipitate was used to determine the protein content (41) .
Glycosaminoglycans and Analysis of Disaccharides in Heparan Sulfate in NIH3T3, FM3A, and Human Embryonic Lung WI-38 CellsHeparin (HP; average M r 16,000) and heparan sulfate (HS; average M r 15,000) from porcine intestinal mucosa were purchased from Celsus. NIH3T3, FM3A, and human embryonic lung WI-38 cells were lyophilized to dryness. Approximately 2 mg of lyophilized sample of whole cells was homogenized with 1.0 ml of acetone. The precipitate obtained by centrifugation was homogenized again with acetone and centrifuged. After the precipitate was kept in 1.0 ml of 0.5% SDS, 0.1 M NaOH, and 0.8% NaBH 4 for 16 h at room temperature with constant stirring, 200 l of 1 M sodium acetate and 300 l of 1 M HCl were added. The solution was filtered, and 200 l of 1 M HCl was added to the filtrate. Insoluble material was removed by centrifugation at 2500 ϫ g for 10 min at 4°C. 7 ml of ethanol was added to the supernatant and chilled for 2 h at 0°C, and the crude glycosaminoglycan fraction was collected by centrifugation at 2,500 ϫ g for 10 min at 4°C. The precipitate was dissolved in 0.3 ml of 50 mM sodium phosphate buffer, pH 6.0, and the solution was applied to an Ultrafree-MC DEAE membrane (Millipore, Bedford, MA) that had been equilibrated with 50 mM sodium phosphate buffer, pH 6.0, containing 0.15 M NaCl and filtrated. The fractions eluted with 1.0 M NaCl in the same buffer were collected, desalted with Biomax-5 (Millipore), evaporated, and resuspended in 12 l of water for heparin lyase digestion. Then 5 l of 0.1 M acetate buffer, pH 7.0, with 10 mM calcium acetate and 15 l of heparin lyase mixture (Seikagaku Kogyo, Tokyo, Japan) consisting of heparin lyase I (1 mIU), heparin lyase II (1 mIU), and heparin lyase III (heparitinase) (1 mIU) were added to a 5-l portion of sample. The mixture was incubated at 37°C for 16 h, and an 8-l aliquot was used for the analysis by HPLC. Unsaturated disaccharides produced enzymatically from HS were determined by a reversed phase ion-pair chromatography with sensitive and specific post-column detection (42) . A gradient was applied at a flow rate of 1.1 ml/min on Senshu Pak Docosil (4.6 ϫ 150 mm; Senshu Scientific, Tokyo, Japan) at 55°C. The eluents used were as follows: A, H 2 O; B, 0.2 M sodium chloride; C, 10 mM tetra-n-butylammonium hydrogen sulfate; D, 50% acetonitrile. The gradient program was as follows: 0 -10 min, 1-4% eluent B; 10 -11 min, 4 -15% eluent B; 11-20 min, 15-25% eluent B; 20 -22 min, 25-53% eluent B; 22-29 min, 53% eluent B. The proportions of eluent C and D were constant at 12 and 17%, respectively. To the effluent were added aqueous 0.5% (w/v) 2-cyanoacetamide solution and 0.25 M NaOH at the same flow rate of 0.35 ml/min by using a double plunger pump. The mixture passed through a reaction coil (diameter, 0.5 mm; length, 10 m) set in a temperature controlled bath at 125°C and a following cooling coil (diameter, 0.25 mm; length, 3 m). The effluent was monitored fluorometrically (excitation, 346 nm; emission, 410 nm). The following standard unsaturated disaccharides from HS were purchased from Sigma: 2-acetamido-2-deoxy-
RESULTS
Expression of 29-and 24.5-kDa AZs-It has been reported that two kinds of AZ (29 and 24.5 kDa) are synthesized from a single AZ mRNA containing two initiation codons (Fig. 1A) (30) . AZ could not be detected by Western blotting in most of normal cells because it is present at only very low levels; therefore, so it was studied using ODCoverproducing EXOD-1 cells. As shown in Fig. 1B, 24 .5-kDa AZ was the predominant species in EXOD-1 cells. One reason for this is that only the second, not the first initiation, codon AUG has an optimal Kozak sequence (31). To study the function of both the 29-and 24.5 kDa isoforms, the nucleotide sequence around the first initiation codon was changed to an optimal Kozak sequence, and the levels of the two AZs in NIH3T3 cells were evaluated after transient transfection of the modified AZ gene. In parallel, the level of expression of AZ in NIH3T3 cells transfected with AZ containing only one initiation codon AUG (AZ⌬AUG1 and AZ⌬AUG2) (Fig. 1A) was also evaluated. There is a mitochondrial targeting signal between the two initiation codon AUGs, and it is suggested that some 29-kDa AZ is located in mitochondria (43) . Therefore, the two AZs were measured in the cytoplasmic and mitochondrial fractions. In untransfected NIH3T3 cells, the level of AZs could not be detected (Fig. 1B) . Thus, only expression of AZ by transient transfection could be observed in NIH3T3 cells. If an optimal Kozak sequence was introduced around the first initiation codon AUG, expression of 29 kDa AZ was higher than that of 24.5 kDa AZ, and a portion of 29-kDa AZ, but not 24.5-kDa AZ, was associated with mitochondria (Fig. 1B) . This was also the case when 29-kDa AZ encoded by AZ⌬AUG2 mRNA was expressed in NIH3T3 cells. Because the amount of protein in mitochondria was about 4% of the cytoplasmic protein, ϳ4 -10% of 29-kDa AZ was located in mitochondria. This is similar to the percentage of 29-kDa AZ located on mitochondria, as determined in another study using immunofluorescence microscopy (44). When 24.5-kDa AZ encoded by AZ⌬AUG1 mRNA was expressed in NIH3T3 cells, it was mainly located in the cytoplasm (Fig. 1B) .
Next, it was investigated whether 24.5-kDa AZ is the main AZ in NIH3T3 cells as in the case of ODC-overproducing EXOD-1 cells (Fig.  1B) . When the nucleotide sequence around the first initiation codon was returned to the original suboptimal Kozak sequence (Fig. 1A) , 24.5-kDa AZ was the main AZ form synthesized ( Fig. 2A) . Spermidine was also strongly involved in the preferential recognition of the second initiation codon AUG. When AZ was synthesized from AZ⌬T205 mRNA having a Kozak sequence around the first AUG using a rabbit reticulocyte polyamine-free lysate, 0.2 mM spermidine together with 1.25 mM MgCl 2 (close to the physiological concentration of Mg 2ϩ ) enhanced the synthesis of 24.5-kDa AZ (Fig. 2B) . If AZ synthesis was studied in the presence of Mg 2ϩ but not spermidine, preferential synthesis of 29-kDa AZ was observed (data not shown).
Another factor that influences the predominant presence of 24.5-kDa AZ is thought to be its stability relative to the 29-kDa AZ (45) . The stability of AZs synthesized in a rabbit reticulocyte cell-free system was studied in the presence of cycloheximide. As shown in Fig. 2C, 24 .5-kDa AZ was far more stable than 29-kDa AZ. Our results indicate that the predominance of 24.5-kDa AZ is due to the preferential synthesis of 24.5-kDa AZ and its greater stability compared with 29-kDa AZ.
Effect of 29-and 24.5-kDa AZs on ODC Activity and Spermine Uptake in NIH3T3
Cells-The effects of 29-and 24.5-kDa AZs on ODC activity and spermine uptake were examined in NIH3T3 cells transfected with various AZ genes. As shown in Fig. 3A , ODC activity was greatly decreased by both 29-and 24.5-kDa AZs, suggesting that both AZs inhibit ODC activity and stimulate the degradation of ODC. Then the effect of both AZs on spermine uptake by NIH3T3 cells was examined. As shown in Fig. 3B , spermine uptake was inhibited by both 29-and 24.5-kDa AZs to a similar extent. The results reflected the previous finding that amino acid residues 119 -144 and 211-216 are necessary for the negative regulation of polyamine transport as well as ODC activity (46) .
Characteristics of Spermine Uptake by Mitochondria and Effect of
AZs-Polyamine uptake by rat mitochondria was examined to estimate the polyamine content in mitochondria. As shown in TABLE ONE, the K m values of putrescine, spermidine, and spermine were 1.04, 0.28, and 0.17 mM, respectively, which were very close to the values in a previous report (25) . However, the V max value was significantly greater than those of the previous report. Because each polyamine transport was inhibited by the other polyamines and the K i value was close to the K m value, the three polyamines are probably taken into mitochondria by the same transporter.
It has been reported that levels of spermine and spermidine in rat liver mitochondria were 3.5 and 1.8 nmol/mg of protein, respectively (47) . We have confirmed this, and the concentration of spermine and spermidine was estimated as 1.21 and 0.62 mM, respectively, based on the data of a 2.9-l volume/mg of protein (48) . Because uptake of spermine by mitochondria is very high (TABLE ONE), the uptake may cause release of cytochrome c from mitochondria as previously reported (29) . Thus, uptake of spermine and release of cytochrome c were measured in parallel (Fig. 4) . Carbonyl cyanide m-chlorophenylhydrazone, a prot-
FIGURE 1. Structure of antizyme gene (A) and cellular localization of antizymes (B).
A, the NH 2 -terminal amino acid sequences, nucleotide sequence of antizyme gene around initiation codons, and the constructs of antizyme genes used in the experiments were shown. The nucleotide sequence around the first initiation codon AUG was changed to an optimal Kozak sequence. This was the main construct used for the experiments. The asterisk indicates the presence of the initiation codon AUG. B, for Western blotting, 20 g of protein of cytoplasmic (C) and mitochondrial (M) fractions prepared from various cells shown in the figure was used. NIH3T3 cells were transfected with the plasmids shown in A. As a marker of cytoplasmic and mitochondrial protein, IB and F 1 ␤ were used. Antibodies against IB-␣ and F 1 ␤ were purchased from Santa Cruz Biotechnology and Affinity BioReagents, Inc.
FIGURE 2. Factors influencing the level of two forms of antizyme.
A, NIH3T3 cells were transfected with pTracer-AZ⌬T205 having the original sequence or optimal Kozak sequence around the first initiation codon AUG, and Western blotting was performed using 20 g of protein of cytoplasmic (C) and mitochondrial (M) fractions. B, AZ⌬T205 mRNA having an optimal Kozak sequence at the first initiation codon AUG was used for in vitro AZ synthesis. AZ synthesis was performed in the presence of 0.2 mM spermidine (SPD) and various concentrations of Mg 2ϩ shown in the figure. C, stability of AZ was examined in the presence of 3 M cycloheximide as described under "Experimental Procedures." onophore, valinomycin, an inhibitor of the electric potential, and marsaryl, an inhibitor of phosphate carrier, strongly inhibited spermine uptake. Cyclosporin A, an inhibitor of the opening of the permeability transition pore, had no effect on spermine uptake. These results support the idea that spermine uptake by mitochondria is energy-dependent, and spermine is cotransported with phosphate (49) . Release of cytochrome c from mitochondria was in parallel with spermine uptake activity. Carbonyl cyanide m-chlorophenylhydrazone, valinomycin, and marsaryl inhibited the release of cytochrome c, but cyclosporine A had no effect. After incubation at 25°C for 20 min, about 15% of cytochrome c was released from mitochondria under our experimental conditions (data not shown). Judging from the results shown in TABLE ONE and Fig. 4 , 1 mM spermine can be easily accumulated in mitochondria within 1 h if free spermine is present at a concentration of about 10 M in cytoplasm (50) . This strongly suggests that a negative regulator exists to maintain polyamine content in mitochondria at an optimal level to avoid the onset of apoptosis.
As shown in Fig. 5 , a decrease in phosphate or an increase in the concentrations of monovalent cations (Na ϩ and K ϩ ) or Mg 2ϩ greatly inhibited spermine uptake by mitochondria, but amino acids and 24.5-and 29-kDa AZs did not influence the activity. Thus, Mg 2ϩ , K ϩ , and Na ϩ may function as negative regulators to maintain the optimal spermine uptake by mitochondria.
Effect of HS and HP on Spermine Uptake by NIH3T3, FM3A, and Human Embryonic Lung WI-38
Cells-Another important regulatory factor of polyamine transport by mammalian cells is HS on glypican-1, because it has been reported that HS inhibited spermine uptake by human embryonic lung (HEL) cells with a K i value of 0.16 M (51). In that report the determination of spermine uptake was done in minimum essential medium containing 138 mM NaCl, 5.3 mM KCl, 1.2 mM CaCl 2 , and 0.8 mM Mg 2ϩ , which was different from our ionic conditions (135 mM NaCl, 1 mM MgCl 2 , and 2 mM CaCl 2 ) in the reaction mixture of spermine uptake assay. Under our experimental conditions spermine uptake by NIH3T3 and WI-38 cells was not significantly inhibited by 150 M HS, and uptake by FM3A cells was weakly inhibited by 150 M HS (Figs. 6, A-C) . When spermine uptake was measured in MEM, essentially the same results were obtained (data not shown). Next, the effect of heparitinase I on spermine uptake was examined. As shown in Figs. 6, D-F , heparitinase I did not influence spermine uptake significantly, suggesting that HS in these cells is not strongly involved in spermine uptake.
It has been reported that polyamine uptake was greatly enhanced by treatment of cells with ␣-difluoromethylornithine (DFMO), an inhibitor of ODC (34) , and the level of glycosaminoglycans labeled with [ 3 H]glucosamine increased in HEL cells treated with DFMO (51). Thus, the effect of HS on spermine uptake was examined with DFMO-treated NIH3T3, FM3A, and WI-38 cells. Putrescine and spermidine decreased greatly in these cells, and spermine uptake was greatly enhanced. However, inhibition by 150 M HS did not change significantly (Figs. 6, 
G-L).
We next determined the level of HS and the number of sulfonate group in HS in NIH3T3, FM3A, and WI-38 cells. As shown in Fig. 7 , the level of HS shown in ng/mg of dry cells and the number of sulfonate group did not change significantly by DFMO treatment, as shown in the percentage of the composition of disaccharide in HS. Furthermore, the level of HS did not decrease in polyamine transport-deficient FM3A cells (methylglyoxal-bis(guanyl hydrazone)-resistant cells). The composition of disaccharide in HS was slightly different in NIH3T3 and FM3A cells, but the sulfonate group mainly existed as amino sulfonate on glucosamine in both cells. The level of HS was greater in NIH3T3 cells than in FM3A cells, as expected in the previous section. In the case of WI-38 cells, the level of HS was slightly higher than that of FM3A and NIH3T3 cells, but the content of sulfonate did not increase significantly.
HS and HP are structurally similar, but the content of sulfonate is higher in HP than in HS (52, 53) . Spermine is thought to bind to the sulfonate group in glycosaminoglycans, and its binding probably competes with the binding of divalent cations to glycosaminoglycans. Therefore, the effects of HP and HS on spermine uptake by FM3A cells was examined in the presence and absence of 1 mM MgCl 2 and 2 mM CaCl 2 . As shown in Figs. 8, A and B, 50 M HS slightly inhibited spermine uptake by FM3A cells in the absence of divalent cations, but it did not inhibit spermine uptake in the presence of 1 mM MgCl 2 and 2 mM CaCl 2 (see also Fig. 6B ). The addition of 50 M HP instead of HS slightly inhibited spermine uptake in the presence of 1 mM MgCl 2 and 2 mM CaCl 2 (Fig. 8C) , and it significantly inhibited spermine uptake in the absence of MgCl 2 and CaCl 2 (Fig. 8D) . The dissociation constant (K d ) of spermine for HS and HP was also measured. The K d value of spermine for HS in the presence and absence of 2 mM CaCl 2 and 1 mM MgCl 2 was 148 and 97 M, respectively (Figs. 8, A and B) , and that for HP was 66 and 42 M, respectively (Figs. 8, C and D) , confirming that the inhibitory effect of HP or HS on spermine uptake becomes stronger in the absence of divalent cations. However, spermine binding to HP or HS was not so strong. Thus, it was impossible to inhibit spermine uptake greatly with less than 1 M HS under our experimental conditions. These results indicate that spermine uptake is not significantly influenced by HS or HP under the physiological conditions, where CaCl 2 and MgCl 2 exist on the order of mM.
DISCUSSION
Although polyamine transporters in mammalian cells have not yet been cloned or characterized at the molecular level, it has been reported that AZ negatively regulates and HS on glypican-1 positively regulates polyamine uptake. In this study, the effects of AZ on spermine transport by NIH3T3 cells and mitochondria, and the effects of glycosaminoglycans on spermine transport by NIH3T3 and FM3A cells were examined in detail. Firstly, it was found that the 24.5 kDa form of AZ is predominant in mammalian cells. We examined the effects of both the 29 kDa and 24.5 kDa AZs on spermine uptake. Both AZs inhibited spermine uptake by NIH3T3 cells to a similar extent. It is reasonable that 29 kDa AZ also inhibits spermine uptake by NIH3T3 cells because more than 90% of 29 kDa AZ exists in the cytoplasm. It has been reported that about 10 to 15% of AZ exists in the nucleus (54) . When we analyzed AZ in the 1000 ϫ g precipitate of cell homogenate, we also observed 15-20% of total AZ in the 1000 ϫ g precipitate, although this fraction may include some intact cells together with nuclei. It is of interest to know the function of AZ in the nucleus. Our results indicate that AZ mainly exists in the cytoplasm and is involved in the degradation of ODC and the inhibition of polyamine uptake.
We have also determined whether the 29-kDa form of AZ, having a mitochondrial targeting signal, inhibits mitochondrial spermine uptake. Because spermine is efficiently taken up by mitochondria and its accumulation causes apoptosis through the release of cytochrome c from mitochondria, a negative regulator of spermine uptake by mitochondria may exist. However, 29-kDa AZ did not influence spermine uptake by mitochondria. So far we have not found a protein that functions as a negative regulator of mitochondrial spermine uptake. However, we did find that Na ϩ , K ϩ , and Mg 2ϩ are negative regulators of mitochondrial spermine uptake. The polyamine content in mitochondria was measured directly, and it was nearly equal to that in the cytoplasm. This was also supported by the following data. The K m values of polyamine transport by mitochondria shown in TABLE ONE were very high compared with those by intact cells (34) . For example, the K m values for spermi- dine uptake by mitochondria and intact cells were 280 and 0.38 M, respectively. Furthermore, free spermidine concentration in rat liver is estimated to be 40 -50 M. Thus, polyamines are mainly localized in the cytoplasm.
It has been reported that HS side chains of recycling glypican-1 can sequester spermine, that depletion of intracellular polyamine increases the number of NO-sensitive N-unsubstituted glucosamines in HS, and that NO-dependent cleavage of HS at these sites is required for spermine uptake. In addition, HS inhibited spermine uptake by HEL (53) according to the method of Scatchard (56) . n, number of spermine (SPM) bound/disaccharide; [spermine], concentration of spermine. The number of disaccharide units was calculated from the average molecular weight of HS and HP. In A and C 1 mM MgCl 2 and 2 mM CaCl 2 were added to the reaction mixture. polyamine transport, experiments are now in progress to identify polyamine transporters in mammalian cells.
